The temperature dependence of electronic and magnetic properties of the organic chargetransfer salt (DOEO) 4 [HgBr 4 ]·TCE was investigated using magnetometry. The magnetic susceptibility shows a maximum at 40 K followed by an onset of a pronounced increase at 70 K and a constant behavior above 120 K. Implications on the charge carrier density are discussed. Combining magnetometry with resistivity and ESR measurements we propose a sequence of insulating, metallic and semiconducting behavior with increasing temperature. Our results indicate that (DOEO) 4 [HgBr 4 ]·TCE is close to the boundary between an insulating and conducting ground state.
Introduction
Charge transfer complexes based on the organic single-electron donor bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF, ET in short) represent the main class of layered organic conductive compounds [1] [2] [3] [4] . They are characterized by two-or one-dimensional electronic properties. The narrow electronic bands near the Fermi energy cause strong electronic correlation effects leading to competing ordering instabilities. Consequently, one finds organic semiconductors, metals and superconductors in the wide class of these materials [5] [6] [7] . The easy tunability of the correlation effects by external fields like magnetic and electric fields as well as pressure has evoked a lot of scientific interest. In particular, κ-(ET) 2 X salts show tunable Mott-insulating, quantumliquid and superconducting properties [8] [9] [10] . Magnetic properties are usually caused by electronic states localized at the metal ions, especially if they are 3d transition metals. Charge-transfer salts where the correlation effects and the magnetic properties are caused by the identical electronic states are therefore of high interest.
The new cation-radical salt (DOEO) 4 [HgBr 4 ]·TCE (where DOEO is 1,4-(dioxandiil-2,3dithio)ethylenedithiotetrathiafulvalene and TCE is 1,1,2-trichloroethane) was recently synthetized [11] . The molecular structure of DOEO has a base skeleton similar to BEDT-TTF resulting in quasitwo-dimensional behavior [11] but the non-coplanar dioxane fragment makes adjustments to the packing layers of cation-radicals ( fig. 1 ) and therefore shows some notable differences to the familiar kappa-ET phases. The metal anion has a closed shell configuration and carries no spin. The optical and conductive properties of the charge transfer salt (DOEO) 4 [HgBr 4 ]·TCE were described in Ref. [11] [12] [13] . According to X-ray diffraction data at room temperature [11] , the following types of structural disorder were observed: the cationic subsystem of ethylene groups in DOEO can occupy two nonequivalent positions, solvent molecules and anions are also partially disordered. At 30 K a partial ordering of each of these subsystems was found. A non-monotonous temperature dependence of the resistivity ( fig. 2 a) was reported in Ref. [11] . Electron spin resonance revealed two types of localized spins ( fig. 2b ) with different local magnetic fields below 70 K [14, 15] . The question arises whether (DOEO) 4 [HgBr 4 ]·TCE shows similar properties as the κ-ET family [3] . 
Experimental
The (DOEO) 4 [HgBr 4 ]·TCE single crystals were prepared with the electro crystallization method in constant current mode as previously reported [11] . Their crystallographic structure is described in detail in Ref. 11 . The temperature dependence of the magnetic moment M of the samples was measured in the 2-300 K range at the constant field H=0.1 T using SQUID magnetometer (type MPMS 5XL, Quantum Design). The diamagnetic contribution of the sample holder at T=300 K was less than 1% of the signal. The magnetic moments at each temperature M(T) were referenced to the dc molar magnetic susceptibility χ exp =M/νH ( fig. 2 c) .
Results and discussion
As two critical temperatures (T = 70 K -onset of charge carrier localization and T = 120 Kmaximum of the resistivity curve) were previously observed, it is reasonable to expect changes in electronic structure and nonlinear temperature dependence of the magnetic susceptibility when crossing these temperatures. As the SQUID technique is very sensitive and detects the sum of all magnetic moments, the contribution of magnetic impurities was subtracted. These can be dislocations in the crystal and defects in the molecular packing in the (DOEO) 4 [HgBr 4 ]·TCE crystal. The fit of the local impurity magnetization was described by the Curie temperature dependence χ imp (T) = C/T, assuming that the impurity spins are uncoupled. A second, temperature-independent contribution to the experimental susceptibility is given by the diamagnetic component χ dia , which is mainly caused by the π-states of the aromatic rings. χ dia was estimated according to Ref. 16 from the molecular weight resulting in the constant value χ dia =-1·10 -3 emu·mol -1 Oe -1 , i.e. the dotted line at the bottom of Fig. 2 c. We subtracted χ imp (T) and χ dia (T) from the experimentally determined susceptibility (see Fig. 2 c) ,
At 300 K the magnetic susceptibility assumes a value of χ s = 2.68·10 -3 emu·mol -1 ·Oe -1 and it increases with decreasing temperature for 280 K < T < 300 K. This suggests a Curie-Weiss-like behavior. Assuming a spin S=½ per DOEO dimer and taking into account the unit cell volume and number of dimers in one unit cell the expected saturation value of the magnetic moment per unit cell is µ u.c. =N s gSµ B /V u.c. =1.1·10 4 emu·mol -1 , with the number of spins per unit cell N s =8, the gyromagnetic factor g, the Bohr magneton µ B and the unit cell volume V u.c. Then, in the approximation of uncoupled spins S=½ we obtain a susceptibility of χ theor =µ u.c. µ B /(k B T) = 2.5·10 -3 emu·mol -1 ·Oe -1 at T = 300 K, where k B is the Boltzmann constant. 
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The experimental value is slightly larger than the theoretically predicted one. This may be attributed to the presence of a small orbital moment in addition to the spin moment. An orbital moment must be present because of the observed anisotropy of the g-factor [14] . The good agreement subsequently confirms the extraction of χ s from χ exp . For 120 K<T<280 K χ s shows an almost constant behavior with a small decrease with decreasing temperature. This is in contrast to the expectation for localized and uncoupled spins.
No antiferromagnetic coupling can be expected at this high temperature. Instead we tentatively assume that the constant susceptibility reflects the Pauli-susceptibility for itinerant electron states being proportional to the density of states at the Fermi level. Although the charge carrier density is constant and the scattering rate is expected to increase with temperature, the resistivity decreases in this region. Obviously, the charge transport cannot be explained by a simple model. The region 70 K < T <120 K is governed by a stronger increase of the susceptibility, indicating a stronger increase of the density of states with increasing temperature. This might be explained by an Anderson-Hubbard scenario where electron correlation suppresses the charge carrier density [20] forming a soft gap that is partly filled with increasing temperature. Because in this temperature region the resistivity increase is considerably larger than the increase of the charge density, the charge transport properties are dominated by the scattering rate like in a normal metal. Both in the metal and in the semiconducting phase the ESR signal increases monotonously. As ESR detects localized electrons (or holes) and not itinerant electrons [15] this behavior could be explained by an increasing electron localization due to scattering in parallel to the increasing density of itinerant states. Below 70 K the susceptibility reveals a nonmonotonous behavior with a maximum at 40 K. Such a maximum can be explained by an antiferromagnetic interaction between localized spins with an ordering temperature T N close to the maximum. Further evidence for antiferromagnetic interaction is given by the ESR data revealing a linear increase of 1/χ and a negative axial section T = θ=−4 K. The increase of resistivity in this temperature region with decreasing temperature indicates a thermally activated transport requiring an energy gap in the density of states. This behavior would be compatible with the Anderson- 
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Hubbard scenario mentioned above but it is of course no proof. Although the increase of resistivity with decreasing temperature is comparatively small, we name this phase insulating.
Conclusions
The important finding here is the occurrence of characteristic changes in the temperature dependence of three different experimental properties, namely resistivity [11] (Fig. 2 a) , integral intensity of the ESR signal [14] (Fig. 2 b) and magnetic susceptibility measured by SQUID magnetometry (Fig. 2 c) , coinciding at the critical temperatures T 1 = 70 K and T 2 = 120 K. The temperature T 1 separates insulating from metallic behavior. An onset of insulating behavior at low temperatures has been observed for related charge-transfer salts such as e.g. (BEDT-TTF)(TCNQ) [18] and κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Cl [17] . In contrast to the typical metalinsulator transition we observe only a relatively small increase of the resistivity below T 1 . Similarly smaller changes of the resistivity have been observed if κ-(BEDT-TTF) 2 Cu[N(CN) 2 ]Cl is tuned towards a metallic behavior by partly substitution of Cl by Br [21] . Therefore, the observed behavior of (DOEO) 4 [HgBr 4 ]·TCE might indicate that the specimen is close to the border between the metallic and insulating ground state. At the second transition temperature T 2 separates true metallic-like behavior from a semiconducting behavior. This is very similar to the case of -(BEDT-TTF) 2 Cu[N(CN) 2 ]Br x Cl 1-x and explained by an onset of hopping conductivity [21] . In summary, we observe a transition from insulating behavior (with small or vanishing gap) to a metal and finally to a semiconductor with increasing temperature. The proposed phase changes at the critical temperatures T 1 and T 2 observed for the charge-transfer salt (DOEO) 4 [HgBr 4 ]·TCE is compatible with the conceptual phase diagram for the ET-family [19] , considering (DOEO) 4 [HgBr 4 ]·TCE to be very close to the boundary between insulating and metallic behavior.
